After lactation, weaning causes mammary epithelial cell (MEC) apoptosis. MECs express the plasma membrane calcium-ATPase 2 (PMCA2), which transports calcium across the apical surface of the cells into milk. Here we show that PMCA2 is down-regulated early in mammary involution associated with changes in MEC shape. We demonstrate that loss of PMCA2 expression raises intracellular calcium levels and sensitizes MECs to apoptosis. In contrast, overexpression of PMCA2 in T47D breast cancer cells lowers intracellular calcium and protects them from apoptosis. Finally, we show that high PMCA2 expression in breast cancers is associated with poor outcome. We conclude that loss of PMCA2 expression at weaning triggers apoptosis by causing cellular calcium crisis. PMCA2 overexpression, on the other hand, may play a role in breast cancer progression by conferring resistance to apoptosis. intracellular calcium
T he mammary gland undergoes a dramatic cycle of development and regression during reproduction (1) . The virgin gland consists of a simple system of epithelial ducts. During pregnancy, mammary epithelial cells (MECs) proliferate and form a large number of alveoli. Parturition induces full secretory differentiation and milk production. Upon weaning, the secretory cells are eliminated and the gland is remodeled to a duct system that resembles the mature nulliparous state (1) . This process of mammary involution involves two sequential rounds of apoptosis. The first occurs between 12 and 24 h after weaning and causes the loss of many, but not all, secretory epithelial cells (2, 3) . This phase of involution is reversible and lactation can continue if suckling is resumed within 48 h (2, 3) . However, if the gland remains unemptied for longer periods of time, a second round of apoptosis associated with irreversible tissue remodeling ensues. The initial wave of apoptosis is the result of local factors associated with the accumulation of milk within alveoli (milk stasis) (2) , whereas the remodeling of the mammary gland is due to the withdrawal of prolactin (2) . How milk stasis causes MEC apoptosis remains unclear. Two explanations have traditionally been offered. First, it has been suggested that, in the absence of suckling, soluble factors such as TGF-β (4), serotonin (5) and LIF (6) , accumulate and induce apoptosis. Second, it has been hypothesized that mechanical deformation of the MECs, caused by distension of the alveoli, triggers apoptosis (7) .
Milk production requires the transport of large amounts of calcium through the epithelial cells (8) . This presents challenges for cellular calcium homeostasis. Intracellular calcium levels must be maintained at low levels because acute increases in cytoplasmic calcium concentrations are involved in signal transduction (9) , and persistent elevations in intracellular calcium can cause cellular dysfunction and death (10) (11) (12) (13) . In fact, many apoptotic pathways are either triggered by, or result in intracellular calcium toxicity (10) (11) (12) (13) . The plasma membrane calcium-ATPase 2 (PMCA2) plays an important role in the transport of calcium into milk (8, 14, 15) . PMCA2 mRNA levels increase several hundred-fold upon functional differentiation of MECs during lactation (14) (15) (16) , and this pump is responsible for the transport of 60-70% of milk calcium (14, 15) . Interestingly, mammary gland PMCA2 RNA and protein levels fall dramatically upon weaning (15, 17) , leading several investigators to hypothesize that the resulting disruption of calcium extrusion might lead to an accumulation of intracellular calcium and contribute to apoptosis during mammary gland involution (17, 18) . In this report, we provide evidence demonstrating that milk stasis changes the shape of MECs and results in loss of PMCA2 expression. This, in turn, disrupts intracellular calcium homeostasis and contributes to the initiation of apoptosis at the onset of involution. We also report that PMCA2 can protect breast cancer cells from apoptosis and that PMCA2 expression in breast tumors correlates with clinical outcome.
Results
Milk Stasis Reduces PMCA2 Expression. We first examined PMCA2 expression in response to milk stasis. For these studies, we sealed one teat of a lactating mouse with surgical adhesive. This causes the accumulation of milk in only that gland and triggers MEC apoptosis within 24 h (19) . No apoptosis occurs in the nonsealed glands and there are no changes in systemic hormone levels (2). We measured PMCA2 protein and RNA levels in the sealed and contralateral, unsealed mammary glands by immunofluorescence staining, Western blotting, and quantitative RT-PCR (qRT-PCR) (Fig. 1) . PMCA2 protein levels significantly declined as soon as 4 h after induction of milk stasis ( Fig. 1 E and F) , well before the onset of apoptosis in this model (2) (Fig. S1 ). mRNA levels fell significantly by 12 h (Fig. 1G) . PMCA2 protein and mRNA levels reached their nadir by 24-48 h (Fig. 1 E-G) .
The accumulation of milk within the alveoli of the sealed gland was associated with obvious changes in cell shape, highlighted in Fig. 2 A-D by phalloidin staining of the actin cytoskeleton. During lactation (Fig. 2 A and B) , epithelial cells are columnar in shape, demonstrate prominent infolding of their apical surfaces at cell junctions, and possess a thick network of apical subcortical actin. After teat sealing, the cells became flattened, the infolding between cells disappeared, and the apical actin network was thinner ( Fig. 2 C and D) . This "stretching" of the epithelial cells was reflected by a progressive increase in their surface area to volume ratio (SA:V) (Fig. 2G) . Given the association between cell shape and PMCA2 levels in vivo, we next examined the relationship between PMCA2 expression and cell shape in MECs in vitro. MECs grown in 3D culture on a laminin-rich reconstituted basement membrane (lrBM) organize into spheres of secretory epithelial cells known as mammospheres, whereas MECs grown on plastic or at a high density on a thin layer of lrBM form flattened monolayers. Both integrin and prolactin signaling contribute to the differentiation of MECs in vivo and on lrBM (19, 20) . However, as seen in Fig. 2 H and J, PMCA2 RNA and protein expression were low in primary mammary epithelial cells grown in monolayer on plastic or on a thin layer of lrBM, regardless of the presence or absence of prolactin. In the absence of prolactin, the cells grown in 3D culture expressed somewhat more PMCA2, but in the presence of prolactin, MECs in 3D culture expressed high levels of PMCA2. Cells grown on thin lrBM in 2D had prominent stress fibers, very little cortical actin, and a flat morphology, with a high SA:V ratio. However, in 3D, they had prominent cortical actin and were more columnar with a lower SA:V ratio. These data suggest that cell shape and/or deformation interact with prolactin and integrin signaling to regulate PMCA2 expression. To determine if mechanical deformation of MECs could directly influence PMCA2 levels, we examined the effects of hyposmotic swelling (21) . As shown in Fig. 2 H-J, exposure of MECs in 3D culture to hyposmotic media significantly reduced PMCA2 protein and mRNA levels. Thus, in three separate experimental models, the teat-sealing model of milk stasis, 3D vs. 2D culture of mammary epithelial cells, and hyposmotic swelling, PMCA2 levels were reduced by stretching of the MECs, suggesting that cell shape may regulate PMCA2 expression.
Lack of PMCA2 Precipitates MEC Apoptosis. Next, we examined the effect of PMCA2 deficiency on mammary gland development in mice harboring the deafwaddler-2J (dfw-2J), null mutation in the Atp2b2 gene (encoding PMCA2) (22) . Although PMCA2 is expressed at low levels by ductal epithelial cells, development of the mammary gland was intact until late pregnancy, when PMCA2 levels normally increase in both ductal and alveolar cells. As shown in Fig. 3 A and B, toward the end of pregnancy, the alveolar structures in dfw-2J glands appeared smaller than those in control Western blotting with 15 μg of membrane protein per gland (E) revealed decreasing PMCA2 protein with time in the sealed glands, whereas PMCA2 in the unsealed glands did not decrease. Quantitation of Western blots (F) showed that PMCA2 protein levels significantly decreased by 4 h and continued to decrease to a minimum by 24 h. In unsealed glands, PMCA2 levels did not significantly differ between time points. PMCA2 protein levels were normalized to β-actin protein expression and all time-points in the unsealed glands were averaged together to establish a baseline. The mean PMCA2 levels at each individual time point were then represented as the fraction of baseline levels. In the sealed glands, PMCA2 levels at increasing times after sealing (F) are significantly different by one-way ANOVA (P < 0.0001) and the posttest for linear trend was significant at P = 0.0001, r 2 = 0.8213. Likewise, PMCA2 RNA levels, as measured by qRT-PCR were normalized to Gapd expression and all data points from the unsealed glands were averaged to establish a baseline. Shown in (G) are PMCA2 mRNA levels from the sealed glands represented as the fraction of baseline expression. PMCA2 gene expression differed significantly with time (P = 0.0018) with a significant linear trend between time after sealing and PMCA2 expression (P = 0.0001, r 2 = 0.7663). Bars show the mean ± SEM for each group. In (F), at 2, 12, and 24 h, n = 4; at 4 h n = 6; and at 48 h, n = 5. In (G) n = 3 at all time points. Significant differences from the 2 h time point, by the Newman-Keuls posttest, are denoted by * P < 0.05, **P < 0.01, and ***P < 0.001.
littermates, a difference that persisted through lactation. Despite the reduction in the alveolar mass, dfw-2J mice lactated and supported their pups (15) . Dfw-2J MECs proliferated and differentiated normally during pregnancy (Fig. S2 ), but TUNEL staining revealed widespread apoptosis at P18 (Fig. 3 C and D) . In dfw-2J glands, 30.1 ± 10.0% of cells were TUNEL-positive, although only 2.6 ± 1.2% of cells in control glands were positive. Along with apoptosis, early involution is marked by characteristic changes in the epithelial expression of several transcription factors (23, 24) . As shown in Fig. S3 , these include the loss of nuclear phospho-Stat5a (25) and the induction of nuclear phospho-Stat3 (26) and NFκB (24) . Similar to lactating glands, at P18, normal MECs expressed nuclear phospho-Stat5a but did not express nuclear phospho-Stat3 or NFκB. However, at P18, dfw-2J epithelial cells lost nuclear phospho-Stat5a and gained nuclear phsopho-Stat3 and NFκB, mimicking normal cells during involution. Thus, loss of PMCA2 led to premature changes in the expression of phosph-Stat5a, phospho-Stat3, and NFκB, accompanied by wide-spread MEC apoptosis, mimicking the initial phase of involution at the end of pregnancy.
The timing of MEC apoptosis in dfw-2J mice coincided with the functional differentiation of MECs (27) , which is also the point at which PMCA2 expression normally increases (15) . This is likely also the point at which calcium entry into MECs increases in preparation for the onset of milk production. Therefore, we hypothesized that the lack of PMCA2 might result in an inability to transport the increased calcium load, progressive intracellular calcium toxicity, and, ultimately, apoptosis. To test this hypothesis, we grew 3D cultures of primary mammary epithelial cells from dfw-2J or control mice and assessed their sensitivity to calcium-induced apoptosis. At baseline, apoptosis tended to be higher in dfw-2J cells than in WT cells, and calcium influx, induced by ionomycin treatment, produced a significant increase in apoptosis. In contrast, there was no increase in apoptosis in control cells exposed to ionomycin (Fig. 3E) . Likewise, ionomycin precipitated a significantly greater rise in intracellular calcium concentrations in dfw-2J cells than it did in control cells (Fig. 3F) . Therefore, entry of calcium into MECs induces apoptosis in the absence of PMCA2.
PMCA2 Overexpression Inhibits Apoptosis in Breast Cancer Cells. If PMCA2 levels regulate sensitivity to calcium-induced apoptosis Fig. 2 . PMCA2 levels are associated with cell shape. Unsealed (A and B) and sealed (C and D) mammary glands, as well as 3D and 2D cultures of MMEC (E and F, respectively) were stained with Alexa-488-phalloidin to visualize microfilaments. Morphometric measurements (G) revealed that the surface area to volume ratio (SA:V) was significantly higher in sealed mammary glands and that the epithelial layer became thinner as milk accumulated over 24 h. Each point in G represents the measurement of the alveoli in one individual field-of-view. One-way ANOVA gave an overall P < 0.0001, and the Newman-Keuls multiple comparison posttest showed significant differences between unsealed and sealed glands (at 4 and 24 h) and between sealed glands at 4 vs. 24 h (unsealed 4 h n = 6; sealed 4 h, n = 5; unsealed 24 h, n = 10; sealed 24 h, n = 9). In addition, MMEC grown in 2D on lrBM were thinner than those grown in 3D (P = 0.0211, n = 3). The Student's t test P values are shown above the bars in graph g. Western blotting of 100 μg (lanes 1-5) or 50 μg (lanes 6-9) of total protein (H) and qRT-PCR (J) show that maximal PMCA2 expression in MMEC requires prolactin (PRL) and culture in 3D on lrBM. PMCA2 levels were reduced (P = 0.0033 for protein, P = 0.0034 for RNA) by mechanical deformation of 3D MMEC cultures with 50% hyposmotic treatment for 4 h (H-J). For protein, +PRL, n = 3; +PRL with 50% hyposmotic media, n = 3. For RNA, plastic -PRL, n = 7; plastic +PRL, n = 8; 2D lrBM −PRL, n = 8; 2D lrBM +PRL, n = 8; 3D lrBM −PRL, n = 3; 3D lrBM +PRL, n = 6; 3D lrBM +PRL with 50% hyposmotic media, n = 3. The mean ± SEM values are shown, with individual data points for G and I. S4) . A control cell line contained empty vector (T47D/EV). In the absence of extracellular calcium, ionomycin treatment caused little apoptosis in either T47D/PMCA2 or T47D/EV cells. In T47D/EV cells, ionomycin induced a progressive increase in apoptosis at 2 mM calcium and 10 mM calcium. However, at both 2 mM and 10 mM calcium, PMCA2 overexpression significantly reduced apoptosis in response to ionomycin in T47D/PMCA2 cells. The addition of EGTA to the culture media reduced ionomycin-induced apoptosis in T47D/EV and T47D/PMCA2 cells, confirming that apoptosis was dependent on the entry of extracellular calcium into the cells. Overexpression of PMCA2 also altered intracellular calcium concentrations in response to ionomycin. Confocal calcium imaging of fluo-4 showed a sustained rise in intracellular calcium levels in control T47D/EV cells treated with ionomycin (Fig. 4C) . This was associated with obvious blebbing of the plasma membrane in many cells, consistent with an apoptotic response. However, in T47D/PMCA2 cells, ionomycin caused only a transient rise in intracellular calcium concentrations (Fig. 4C) . One of the mechanisms through which elevations in intracellular calcium is thought to cause apoptosis is by activating the calcium-dependant proteolytic enzyme calpain (13) . Therefore, we examined calpain Fig. 3 . Lack of PMCA2 causes apoptosis of MECs during pregnancy. Mammary glands were taken from homozygous dfw-2J mice, which lack PMCA2 expression, and WT mice on day 18 of pregnancy. Alveoli were smaller in mammary whole mounts prepared from dfw-2J mice (B) compared with WT mice (A). TUNEL staining of WT (C) and dfw-2J (D) mammary glands at P18 revealed many more apoptotic nuclei in dfw-2J glands than in WT glands. Primary MMEC were cultured on lrBM with lactogenic media and treated with 5 μM ionomycin (Invitrogen) or vehicle for 16 h before analysis of apoptosis using the Cell Death ELISA PLUS (Roche) (E). WT MMEC in 3D lrBM culture were relatively resistant to 5 μM ionomycin-induced intracellular calcium stress (E), although in dfw-2J MMEC, ionomycin induced apoptosis (P = 0.0009; n = 4). The increased apoptosis in dfw-2J MMEC treated with 5 μM ionomycin is associated with a higher intracellular calcium level when compared with WT MMEC (F) (P = 0.0384, WT n = 122 cells in two experiments, dfw-2J n = 51 cells in two experiments). Cells were imaged while perfused with standard media for approximately 2 min to determine the baseline calcium levels, followed by perfusion with media containing 5 μM ionomycin. Data are expressed as mean percent increase in fluorescence over baseline. Error bars represent the mean ± SEM. Increasing extracellular calcium increased ionomycin-induced apoptosis in T47D/EV and T47D/PMCA2 cells. However, overexpression of PMCA2 significantly reduced apoptosis. At 2 mM and 10 mM calcium, the overall one-way ANOVA P values were <0.0001. The Student's t test gave a P = 0.0187 at 2 mM calcium and P = 0.0308 at 10 mM calcium for the reduction of apoptosis in T47D/PMCA2 vs. T47D/EV cells with ionomycin. At 2 mM calcium, 5 mM EGTA was able to prevent the apoptosis induced by ionomycin (B). The one-way ANOVA (P < 0.0001 overall, n = 4 for all groups) with Newman-Keuls multiple comparison test showed that EGTA significantly (P < 0.05) reduced apoptosis caused by ionomycin in T47D/EV (P = 0.0064 by t test) and T47D/PMCA2 cells (P = 0.0003 by t test). Significant reductions in apoptosis, compared with ionomycin-treated T47D/EV cells is denoted by * (Newman-Keuls posttest, P < 0.05, n = 4) in A and B. (C) Overexpression of PMCA2 changed the magnitude and shape of the intracellular calcium response to ionomycin treatment in T47D cells (P < 0.0001 by paired t test of the average of 82 T47D/EV and 87 T47D/PMCA2 cells from three independent experiments). (D) Calpain activity, indicative of calcium-mediated apoptosis, was increased significantly by ionomycin in T47D/EV cells (P = 0.0305 one-way ANOVA, P < 0.05 Newman-Keuls posttest, n = 3), whereas overexpression of PMCA2 prevented the increase in calpain activity in T47D/PMCA2 cells (P > 0.05 in Newman-Keuls posttest). Calpain activity is also significantly increased at 24 h after the onset of involution (P = 0.0298 by Student's t test, n = 3) in sealed vs. unsealed lactating mammary glands (E). (F) PMCA2 overexpression in T47D/ PMCA2 cells reduced apoptosis in response to docetaxel treatment (5 ng/mL for 40 h) as compared with control T47D/EV cells (n = 9, P = 0.0199; four replicates in each of nine independent experiments). Bars and lines represent the mean ± SEM. activation in T47D/PMCA2 and T47D/EV cells exposed to calcium and ionomycin. As shown in Fig. 4D , calpain activity was elevated in T47D/EV cells under these conditions, but not in T47D/PMCA2 cells. Interestingly, calpain activity was also elevated during early involution induced by teat sealing. As shown in Fig. 4E , there was little calpain activity in the unsealed gland where PMCA2 levels were high. However, in the sealed (involuting) gland, where PMCA2 levels were low, calpain was activated at 24 h. Therefore, PMCA2 overexpression lowers intracellular calcium levels and prevents calpain activation and apoptosis in T47D breast cancer cells. Finally, it has been suggested that some chemotherapeutic agents, including docetaxel, induce apoptosis, in part by increasing intracellular calcium levels (28) . As shown in Fig. 4F , T47D/PMCA2 cells also demonstrated resistance to apoptosis in response to docetaxel as compared with T47D/EV cells.
PMCA2 Expression Predicts Breast Cancer Outcome.
Resistance to apoptosis is an important hallmark of malignant progression (29) . Given that PMCA2 alters the sensitivity of MECs and breast cancer cells to apoptosis, we next examined whether PMCA2 levels correlated with clinical-pathological features of human breast cancer. Using the Oncomine database and data mining tools (30), we observed that high PMCA2 mRNA expression was associated with higher tumor grade (31) (Fig. 5A ) and lower 5-y survival (32) (Fig. 5B) . Reflecting our results in vitro (Fig. 4F) , we also found that PMCA2 expression correlated with resistance to docetaxel in patients (33) (Fig. 5C) . We next stained a tissue microarray (TMA), consisting of 652 primary breast cancers, for PMCA2 using automated quantitative analysis (AQUA). The characteristics of the patient cohort are shown in Table S1 . PMCA2 levels correlated positively with higher tumor grade, lymph node involvement and HER2-positive status (Table S2) . Typical prognostic clinical markers, including tumor size, nodal status, nuclear grade, and hormone receptor (ER/PR) status, were significantly associated with survival by univariate analysis (Table   S3 ). PMCA2 expression also correlated inversely with survival by univariate analysis (P = 0.0089). Using the Cox proportional hazards model, multivariate analysis (Table S4) showed that tumor size, nodal status, and PMCA2 scores were independently associated with survival (P = 0.0489). The association of PMCA2 expression with survival was more significant for younger premenopausal women (under age 50; see Table S1 for characteristics of this cohort), with a Kaplan-Meier P value of 0.0120. As a continuous variable, PMCA2 levels were associated with survival in women under 50, but the relative risk was low (Cox continuous P = 0.0037, 1.042 relative risk by univariate analysis; P = 0.0027, 1.047 relative risk by multivariate analysis). However, when expression was divided by quartiles, PMCA2 levels became strongly predictive of survival. Fig. 5D shows the Kaplan-Meier plot for survival in women under 50 y of age, plotting tumor PMCA2 levels by quartiles. As shown, younger women with tumors in the highest quartile of PMCA2 expression had a striking decrease in survival. The quartile with the highest PMCA2 expression in the <50-y-old cohort had a relative mortality risk of 2.475 (P = 0.0015) by univariate analysis and 2.817 (P = 0.0009) by multivariate analysis compared with the rest of the cohort. Applying the Cox proportional hazards model to just the women under 50 y of age, multivariate analysis suggested that only PMCA2 remained independently associated with survival (P = 0.0009). All other markers lost significance, suggesting that PMCA2 levels were more predictive of patient survival in younger women than standard prognostic markers used in the clinic. Finally, because PMCA2 levels were independent of estrogen or progesterone receptor status but correlated with HER2 status (Table S2) , we examined whether PMCA2 correlated more strongly with survival in HER2-positive patients. In the entire cohort, PMCA2 levels were no longer predictive of survival in patients with HER2-negative tumors but tended to be predictive of mortality in HER2-positive tumors (P = 0.08). However, in just the women under 50, the predictive value of PMCA2 was independent of HER2 status. 
Discussion
Mammary gland involution is triggered by milk stasis and is one of the most striking examples of coordinated cell death in nature. Our findings suggest that an important event in initiating apoptosis is a marked change in the shape of the MECs, which, in turn, is associated with a prompt decrease in PMCA2 levels within the cells. The regulation of PMCA2 levels by milk stasis provides an elegant method of coupling the secretory process of lactation to the cell death machinery required for involution. In essence, by down-regulating PMCA2, prolonged distension of the alveoli overloads the calcium-buffering capacity of the cells causing a sustained increase in intracellular calcium and apoptosis. One of the effects of elevated intracellular calcium in MECs appears to be activation of calpain activity. Given that Stat5 and Stat3 are substrates for calpain (34, 35) , and given that loss of PMCA2 is associated with loss of nuclear phospho-Stat5 and the activation of Stat3, it is likely that increases in intracellular calcium levels at weaning contribute to the alterations in these transcription factors.
In addition to protecting MECs from calcium toxicity during lactation, we find that PMCA2 activity also protects breast cancer cells from apoptosis. This may explain why elevated PMCA2 expression is associated with larger tumors, higher grade, and nodal metastases, and predicts for poor outcome in breast cancer patients. Interestingly, PMCA2 expression correlated with HER2 expression among tumors in the TMA cohort. Because HER2-positive tumors were more common among younger women, this observation may hold a clue to the particularly striking association between high PMCA2 levels and death in women under 50 y old. Although PMCA2 expression tended to predict mortality in women with HER2-positive tumors in the entire cohort, the association was not quite statistically significant (P = 0.08). These results suggest that PMCA2 may be especially important in the biology of premenopausal breast cancer and/or in HER2-positive tumors. Further studies will be required to determine if there are biological interactions between ErbB2 signaling and PMCA2 in breast tumors.
Methods
Milk Stasis-Induced Involution. Animal experiments were approved by Yale University's Institutional Animal Care and Use Committee. The teat-sealing model was performed as described by Li et al. (2) . PMCA2 mRNA and protein levels were measured by qRT-PCR and Western blotting, as previously described (15) . Immunostaining, morphometric measurements, and culture of primary mouse mammary epithelial cells are described in SI Text.
Analysis of Deafwaddler-2J, PMCA2-Deficient Mice. Mammary whole mounts were prepared as previously described (36) . Apoptotic nuclei were labeled using the DeadEnd Fluorometric TUNEL System (Promega). Apoptosis was measured in 3D cultures of MMEC using the Cell Death ELISA PLUS (Roche).
Intracellular calcium concentrations were imaged in MMEC on glass coverslips in lactogenic media by fluo-4 (Invitrogen) live-cell confocal microscopy using a Zeiss LSM 510NLO, and analyzed with Zeiss LSM and Volocity image analysis software (Improvision/Perkin-Elmer).
Overexpression of PMCA2 in T47D Breast Cancer Cells. The generation of T47D cells overexpressing mouse PMCA2 is detailed in SI Text.
Breast Cancer Tissue Microarray Analysis. The breast carcinoma tissue microarrays were constructed as previously described (37) . Tissue microarray analysis and statistical methods are described in SI Text.
